1 5 0 6 VOLUME 12 | NUMBER 12 | dEcEMBER 2009 nature neurOSCIenCe a r t I C l e S Myelination of axons by glial cells, such as oligodendrocytes in the CNS and Schwann cells in the PNS, is essential for rapid impulse conduction. Myelination is coordinated by the interaction between axons and glial cells. Although the diameter of an axon dictates whether myelination is initiated, myelination may further induce radial growth of axons 1,2 . Because axonal conduction is determined by axon caliber and myelin sheath thickness, axonal maturation (radial growth of axon) and myelination are essential processes for establishing an efficient neuronal signaling network 3, 4 . Several lines of evidence suggest that bidirectional signaling between axons and myelin maintains neuronal functions. For example, some oligodendrocyte-specific proteins, such as proteolipid protein and 2′,3′-cyclic nucleotide phosphodiesterase (CNP), are required to maintain axonal integrity 5, 6 . On the other hand, NRG1, a member of the epidermal growth factor (EGF) family, induces axonal signaling and is required for glial differentiation, proliferation and myelination 7-9 . NRG1 is synthesized as a transmembrane protein and then shed from the cell surface by proteolytic cleavage in the juxtamembrane region 10 . ADAM proteases and BACE1 (β-secretase) have been proposed as sheddases for NRG1 (refs. 11-15). Because BACE1-deficient mice have a hypomyelination phenotype [13] [14] [15] , shedding of NRG1 is thought to be important in myelination in vivo. However, the underlying mechanism by which NRG1 shedding is regulated is poorly understood.
a r t I C l e S Myelination of axons by glial cells, such as oligodendrocytes in the CNS and Schwann cells in the PNS, is essential for rapid impulse conduction. Myelination is coordinated by the interaction between axons and glial cells. Although the diameter of an axon dictates whether myelination is initiated, myelination may further induce radial growth of axons 1, 2 . Because axonal conduction is determined by axon caliber and myelin sheath thickness, axonal maturation (radial growth of axon) and myelination are essential processes for establishing an efficient neuronal signaling network 3, 4 . Several lines of evidence suggest that bidirectional signaling between axons and myelin maintains neuronal functions. For example, some oligodendrocyte-specific proteins, such as proteolipid protein and 2′,3′-cyclic nucleotide phosphodiesterase (CNP), are required to maintain axonal integrity 5, 6 . On the other hand, NRG1, a member of the epidermal growth factor (EGF) family, induces axonal signaling and is required for glial differentiation, proliferation and myelination [7] [8] [9] . NRG1 is synthesized as a transmembrane protein and then shed from the cell surface by proteolytic cleavage in the juxtamembrane region 10 . ADAM proteases and BACE1 (β-secretase) have been proposed as sheddases for NRG1 (refs. 11-15) . Because BACE1-deficient mice have a hypomyelination phenotype [13] [14] [15] , shedding of NRG1 is thought to be important in myelination in vivo. However, the underlying mechanism by which NRG1 shedding is regulated is poorly understood.
NRDc is a zinc peptidase of the M16 family that selectively cleaves dibasic sites 16, 17 . We identified NRDc as a specific binding partner of heparin-binding EGF-like growth factor (HB-EGF) and found that NRDc enhances HB-EGF shedding through activation of tumor necrosis factor α converting enzyme (TACE, also known as ADAM17) 18, 19 . We also found that NRDc enhances the ectodomain shedding of multiple membrane proteins, including amyloid precursor protein (APP) and tumor necrosis factor-α, through activation of several ADAM proteases 20, 21 . These results suggest that NRDc may regulate the ectodomain shedding of a wide range of membrane proteins. To explore the physiological functions of NRDc, we generated Nrd1 −/− mice and found that these mice had impaired axonal maturation and hypomyelination in both the CNS and PNS. Furthermore, we found that NRDc regulates axonal maturation and myelination in the CNS and PNS, in part, through the modulation of NRG1 shedding. a r t I C l e S tissues tested from Nrd1 −/− mice (data not shown). Immunostaining of tissue sections also showed a lack of NRDc protein in the cerebral cortex of Nrd1 −/− mice ( Supplementary Fig. 2 ). The levels of NRDc protein in embryonic fibroblasts (MEFs) isolated from Nrd1 +/+ , Nrd1 +/− or Nrd1 −/− mice correlated with the predicted gene dosage of Nrd1 in these mice (Fig. 1a) .
Pups lacking NRDc were born at the expected Mendelian ratio. However, approximately 80% died within 48 h of birth. Nrd1 −/− pups weighed approximately 30% less than Nrd1 +/+ and Nrd1 +/− littermates, indicating that NRDc is indispensable for normal prenatal growth. The Nrd1 −/− mice that survived remained smaller than their wild-type and heterozygous littermates throughout postnatal development and had average brain weights that were 29% lower than those of Nrd1 +/+ mice at postnatal day 90 (P90) (Nrd1 +/+ , 521.0 ± 30.0 mg; Nrd1 −/− , 371.5 ± 16.8 mg; n = 5, P < 0.001; Fig. 1c) . Although the Nrd1 −/− mice that survived lived until 2 years of age, they had several prominent neurological disorders. For example, Nrd1 −/− mice exhibited enhanced limb-clasping reflexes when suspended by the tail, whereas control mice extended their limbs (Fig. 1d) .
To assess the underlying neuropathology, we examined the brains of Nrd1 −/− mice histologically. Although the gross anatomy of the Nrd1 −/− mouse brain was normal at P1, P14 and P30 ( Supplementary  Fig. 3 ), we observed a thin cerebral cortex and enlarged lateral ventricles at P90 (Fig. 1e) . We found that the Nrd1 −/− cortex had a greater neuronal cell density than in the Nrd1 +/+ cortex by Nissl staining (Fig. 1f,g ). Furthermore, there were no differences in the number of TUNEL-positive cells detected in the cortex of Nrd1 +/+ and Nrd1 −/− mice (data not shown), indicating that there was no excessive loss of neurons in the Nrd1 −/− cortex.
Hypomyelination in the CNS of Nrd1 −/− mice We next examined the integrity of axons and myelin using silver impregnation and luxol fast blue (LFB) staining, respectively. We detected much less silver impregnation in Nrd1 −/− brains, especially in the corpus callosum and cortical layers adjacent to it a r t I C l e S (Fig. 2a,b) . Similarly, LFB staining was markedly weaker in this region (Fig. 2c,d) . These results suggest that the volume of axons and myelin in Nrd1 −/− brain is decreased, especially in the corpus callosum. Furthermore, expression of the axonal marker neurofilament-H (NF-H; Fig. 2e ) and the myelin markers CNP and myelin basic protein (MBP) (Fig. 2f) were lower in the corpus callosum in Nrd1 −/− brain at P30. Using western blotting, we found reduced CNP and MBP protein levels at an earlier stage (P14) in Nrd1 −/− brain extracts (Fig. 2g) , suggesting that Nrd1 −/− mice have a severe impairment of axonal maturation and hypomyelination starting at the early stages of these processes. Neuronal expression of NRDc was detected in whole regions of the brain, but there were some prominent regional differences. For example, NRDc was highly expressed in cortical neurons, but neurons in striatum expressed relatively low levels of NRDc ( Supplementary Fig. 4) , similar to the expression pattern seen in human brain 22 . Consistent with these results, the myelination defect in Nrd1 −/− striatum was not as obvious as the defect in the cortex, hippocampus and corpus callosum ( Supplementary  Fig. 4) . These results suggest that there is a correlation between the expression level of NRDc and the extent of the myelination defect in Nrd1 −/− mice.
On the other hand, western blots of the same set of brain extracts revealed that the expression of platelet-derived growth factor receptor α (PDGFRα) and oligodendrocyte transcription factor 2 (Olig2) 23 , markers of oligodendrocyte precursors, and GST-π, a marker of mature oligodendrocyte, were not reduced in Nrd1 −/− mice (Fig. 2g) , suggesting that oligodendroglial differentiation is normal in Nrd1 −/− mice. Moreover, we found via quantitative analysis of Olig2-positive cells at embryonic day 18.5 (E18.5) and P5 that there were no differences in the number of oligodendrocyte precursors in Nrd1 +/+ and Nrd1 −/− brains (Supplementary Fig. 5 ). These data suggest that NRDc affects myelination, but not differentiation of oligodendrocytes.
To obtain direct evidence of impaired axonal maturation and hypomyelination in the CNS, we analyzed sections of the corpus callosum in Nrd1 −/− mice and Nrd1 +/+ littermates between P14 and P365 by electron microscopy ( Fig. 3a and Supplementary Fig. 6 ). The proportion of myelinated axons was markedly reduced in Nrd1 −/− mice at all of the stages examined ( Fig. 3b) . At P14, only about one seventh of the Nrd1 −/− axons were myelinated compared with the Nrd1 +/+ axons, indicating that there was a substantial delay in the initiation of myelination in Nrd1 −/− mice. The proportion of myelinated axons in the Nrd1 −/− CNS was only 21.0% at P90 and did not approach the level seen in Nrd1 +/+ mice even at P365 (Fig. 3b) . We next compared myelin sheath thickness in the Nrd1 −/− and Nrd1 +/+ corpus callosum by determining the g ratio 24 (axon diameter to total fiber diameter) of myelinated fibers at P30, P90, P120 and P365 ( Fig. 3c and Supplementary Fig. 6 ). The average g ratios were higher in Nrd1 −/− mice at all stages ( Fig. 3d) , indicating that myelin sheaths were thinner in Nrd1 −/− mice compared with those of Nrd1 +/+ mice. The average diameters of myelinated axons were also smaller in Nrd1 −/− mice than wild-type littermates (Fig. 3e) . Although axons were hypomyelinated, the ultrastructure of myelin sheaths of Nrd1 −/− mice appeared to be normal and indistinguishable from those of Nrd1 +/+ mice (data not shown). Together, these data indicate that Nrd1 −/− mice have fewer myelinated fibers in the corpus callosum, and the fibers have thinner myelin sheaths and smaller axon diameters. As NRDc is highly expressed in neurons, but either not expressed or expressed at very low levels in glial cells ( Fig. 1b and Supplementary Fig. 4 ) 20 , we propose that the loss of NRDc in neurons may cause an impairment of axonal maturation, resulting in the perturbation of axonal signaling required for oligodendrocytes to properly myelinate axons and hypomyelination.
Hypomyelination in the PNS of Nrd1 −/− mice NRDc was also expressed in spinal neurons and dorsal root ganglion neurons (Supplementary Fig. 1 ). To investigate the role of NRDc in (black) and wild-type (red) corpus callosum are shown (c). We determined the average myelin sheath thickness (g ratio) of myelinated fibers at P30, P90, P120 and P365 and found hypomyelination in the corpus callosum of Nrd1 −/− mice (d). Data represent the mean ± s.e.m. for 300-900 myelinated fibers from each group. * P < 0.03 and ** P < 0.0001. (e) Average diameters of myelinated axons in the corpus callosum at P30 and P365. Data represent the mean ± s.e.m. for 300-900 myelinated fibers from each group. * P = 0.0002 and ** P < 0.0001. a r t I C l e S axonal maturation and myelination in the PNS, we analyzed the sciatic nerves of Nrd1 −/− mice by electron microscopy and found that the sciatic nerves of Nrd1 −/− mice were hypomyelinated (Fig. 4a) . Quantitative analysis by measuring the g ratio of myelinated fibers indicated that the myelin sheath thickness was thinner in Nrd1 −/− mice at both P30 and P365. The diameter of myelinated axons was also smaller in Nrd1 −/− nerves compared with Nrd1 +/+ nerves (Fig. 4b,c) .
We also examined the morphology of Remak bundles ( Fig. 4d-f ). Remak bundles in Nrd1 −/− nerves contained approximately twofold more axons than Nrd1 +/+ nerves at P30 and P365 (Fig. 4d,e) . In addition, there were many unsegregated or poorly segregated axons that lacked intervening Schwan cell processes in Nrd1 −/− bundles (Fig. 4d,f) . These findings indicate that NRDc is critical for axonal maturation and myelination of both the CNS and PNS. Notably, the observed hypomyelination and morphological changes of Remak bundles in the PNS of Nrd1 −/− mice were very similar to those described in Nrg1 +/− and Bace1 −/− mice 7, 8, 13, 14, 25 .
The level of neuronal NRDc regulates myelin thickness
To determine the dose-dependent effects of NRDc expression on the CNS phenotypes, we examined brains from Nrd1 +/− mice, in which NRDc expression was obviously reduced (Fig. 5a) . The gross anatomy of Nrd1 +/− brains showed no cortical shrinkage, but we did find enlarged lateral ventricles (Fig. 5b) . Although we detected no obvious differences between Nrd1 +/+ and Nrd1 +/− brains by LFB staining (Fig. 5b,c) , we did find decreased expression of the myelin and axon markers MBP and NF-H in Nrd1 +/− corpus callosum by immunostaining (Fig. 5d,e) . These findings were confirmed by western blot using whole brain lysates (Fig. 5f) . Furthermore, we analyzed Nrd1 +/− corpus callosum by electron microscopy and found that the myelin sheath thickness of Nrd1 +/− mice was significantly thinner than that of Nrd1 +/+ mice (average g ratio: Nrd1 +/+ , 0.725 ± 0.020 s.e.m.; Nrd1 +/− , 0.761 ± 0.001 s.e.m.; n > 1000 fibers from each group, P < 0.0001; Fig. 5g,h) . The axon diameters of Nrd1 +/− mice were also smaller compared with those of Nrd1 +/+ mice (Nrd1 +/+ , 0.650 ± 0.018 µm; Nrd1 +/− , 0.582 ± 0.006 µm; P < 0.0001). Thus, Nrd1 +/− mice have a CNS phenotype that is intermediate of those of Nrd1 +/+ and Nrd1 −/− mice, indicating that the level of NRDc expression in neurons affects axonal maturation and myelination.
Our loss-of-function approach using Nrd1 −/− mice revealed that NRDc is essential for axonal maturation and myelination in the CNS. To further define the role of NRDc in these processes, we used a gain-of-function approach with transgenic mice that overexpress mouse NRDc under the control of the Camk2a promoter (NRDc-Tg mice) 26, 27 . Western blot analysis of whole brain extract of NRDc-Tg mice at P90 revealed that there was an increase in NRDc expression in the transgenic mice (Fig. 6a) . The Camk2a promoter was specifically activated in neurons of cerebral cortex and hippocampus 26, 27 , where the increased expression of NRDc was confirmed by immunostaining (Fig. 6b,c) . To see the regional effect of NRDc a r t I C l e S overexpression, we divided mouse brains into two regions: cerebral cortex plus hippocampus (frontal region) and brain stem plus cerebellum (posterior region). Using western blot, we found increased expression of NRDc protein only in the frontal region (Fig. 6d) . The expression of the myelin markers MBP and CNP was also increased in the frontal region, but not in the posterior region (Fig. 6d) . We detected higher expression of MBP in corpus callosum by immunostaining (Fig. 6e) . Notably, analysis of myelination in the NRDc-Tg corpus callosum by electron microscopy revealed that the average g ratio was significantly lower than in wild type, indicating that the myelin sheaths were thicker in NRDc-Tg mice than in wild types ( Fig. 6f-h ). On the other hand, there was no significant difference in the diameter of myelinated axons in the corpus callosum between the NRDc-Tg and wildtype mice (average diameter: wild type, 0.80 ± 0.39 µm; NRDc-Tg, 0.81 ± 0.39 µm, P = 0.654). These results provide further evidence that the level of neuronal NRDc regulates myelin sheath thickness. The Camk2a promoter is activated around P5, which is after the differentiation of neuronal cells and before subcortical myelination 27 . Thus, NRDc probably affects myelination by regulating axonal signals transmitted from differentiated neurons.
Impaired motor activity and cognitive deficits in Nrd1 −/− mice
To examine the effect of NRDc on neurological functions, we analyzed Nrd1 −/− mice with a battery of behavioral tests 28 . We examined neuromuscular strength with grip strength and wire-hanging tests. Although Nrd1 −/− mice had reduced grip strength (Fig. 7a) , we found no difference between Nrd1 +/+ and Nrd1 −/− mice in the wire-hanging test (Supplementary Fig. 7 ), indicating that Nrd1 −/− mice possess sufficient grip strength to hold their body weight. We next assessed motor coordination and balance with the beam test and rotarod test 29 . In the beam test, Nrd1 −/− mice moved much slower and slipped more frequently than Nrd1 +/+ mice (Fig. 7b,c) . Nrd1 −/− mice also had a shorter latency to fall in the rotarod test (Fig. 7d) . These results indicate that there is a severe impairment of motor coordination and balance in the Nrd1 −/− mice.
In contrast with motor activity, sensory pathways were apparently conserved in Nrd1 −/− mice, as their reactions were similar to those of Nrd1 +/+ mice in the hot-plate test (Supplementary Fig. 7) . We examined cognitive functions of Nrd1 −/− mice with the T-maze test, in which working memory and reference memory are evaluated by a forcedalternation task and a left right-discrimination task, respectively 30 . In both tasks, Nrd1 −/− mice took much longer to complete a session, probably as a result of impaired motor activity ( Supplementary  Fig. 7 and data not shown). Although the percentage of correct choices in the forced-alternation task was lower in Nrd1 −/− mice, there were no differences in the left right-discrimination task between Nrd1 +/+ and Nrd1 −/− mice (Fig. 7e,f) . Together, these results suggest that reference memory is preserved, whereas working memory is impaired in Nrd1 −/− mice. Although these behavioral alterations are consistent with the axonal and myelination defects, spinal or cerebellar defects might also influence the overall performance of Nrd1 −/− mice.
NRDc regulates NRG1 shedding through BACE1 and TACE NRG1, one of the master regulators of myelination, is synthesized as a transmembrane protein and then proteolytically shed from the cell surface 8, 10 . Recent reports of hypomyelination in Bace1 −/− mice have implicated BACE1 in NRG1 shedding [13] [14] [15] . NRG1 is also shed from the cell surface by TACE 11 , although there is no information about nervous system phenotypes of TACE-deficient mice as a result of their early lethality. These findings, along with the potentiating effect of NRDc on protein ectodomain shedding [19] [20] [21] , prompted us to examine whether NRDc affects axonal maturation and myelination via regulation of NRG1 shedding by BACE1 or TACE. To determine whether NRDc potentiates BACE1/TACE activity, we carried out transfection experiments in COS7 cells. NRG1 type I was tagged with hemagglutinin (HA) at the a r t I C l e S N terminus so that the full length and N-terminal fragment (NTF) of NRG1 type I could be detected with an antibody to HA. Coexpression of NRDc and BACE1 increased NTF levels in total cell lysates, but not in the culture medium (Fig. 8a,b) . In contrast, coexpression of NRDc with TACE clearly increased NTF levels in the culture medium (Fig. 8a,b) . These results suggest that NRDc potentiates TACE-mediated NRG1 cleavage at the cell surface, whereas NRDc enhances BACE1 cleavage of NRG1 in intracellular compartments. Because the enhancement of BACE1-mediated cleavage of NRG1 was not associated with an increase in NTF levels in the culture medium, NRDc is thought to potentiate BACE1 in endocytic pathways and direct the cleaved NRG1 to degradation 31 . Similar to the direct interaction of NRDc and TACE 19 , co-precipitation demonstrated that NRDc forms as trimolecular complex with BACE1 and NRG1, suggesting that these proteins physically and functionally interact (Fig. 8c) .
Given these findings, we examined the expression pattern of endogenous NRG1 protein in fibroblasts derived from Nrd1 −/− and Nrd1 +/+ mice. Western blot analysis using an antibody to the C terminus of NRG1 (NRG-C), which recognizes both full-length NRG1 and the C-terminal fragment of NRG1 (CTF), revealed an increase in full-length NRG1 and a decrease in CTF in Nrd1 −/− cells compared with Nrd1 +/+ cells (Fig. 8d) . In addition, although an antibody to the intracellular N terminus of NRG1 type III detected the cleaved NTF of NRG1 type III in Nrd1 +/+ cells, it barely detected the cleaved fragment in Nrd1 −/− cells (Fig. 8d) . These results indicate that NRDc positively regulates the proteolytic cleavage of both type I and type III NRG1.
Next, we examined the expression of NRG1 in brain extracts from Nrd1 +/+ and Nrd1 −/− mice at P14. Western blotting with antibodies to the C terminus of NRG1 type I and the N terminus of NRG1 type III revealed a similar pattern as found in MEFs (Fig. 8e) , although the difference between the two genotypes was less evident in the brain extract. These results are consistent with the fact that the proteolytic cleavage of NRG1 type I and type III in brain is regulated by NRDc. We then analyzed the protein expression of BACE1. The molecular were divided into two regions at the border of cerebral cortex and cerebellum. We analyzed total brain extracts from frontal region and posterior region by immunoblot using antibodies to NRDc, CNP, MBP and NF-H. Note that the increased expression of NRDc, CNP and MBP were only detected in the frontal region. Full-length blots are presented in Supplementary Figure 9 .
(e) Expression of MBP in the corpus callosum was increased in NRDc-Tg compared with wild type mice. Scale bars represent 500 µm. (f) Electron micrographs of corpus callosum from NRDc-Tg and wild type mice at P30. Scale bars represent 500 nm. (g,h) Myelin sheaths were thicker in NRDc-Tg mice than in wild types. Scatter plots of g ratios against axon diameters at P30 in NRDc-Tg and wild-type corpus callosum (g) and the average g ratio (h) are shown. Data represent the mean ± s.e.m. for no fewer than 1,000 myelinated fibers from each group (n = 4 for each genotype). a r t I C l e S size of mature BACE1 in Nrd1 −/− brain was a little smaller than that in the Nrd1 +/+ brain (Fig. 8e) . In addition, the ratio of the mature form to immature form of BACE1 was clearly higher in Nrd1 +/+ brains than in Nrd1 −/− brains (Nrd1 +/+ , 2.21 ± 0.62; Nrd1 −/− , 0.75 ± 0.08; n = 3, P = 0.04), indicating that the protein maturation of BACE1 was impaired in Nrd1 −/− brains. These results suggest that NRDc regulates BACE1-mediated NRG1 shedding by affecting BACE1 maturation and BACE1 sheddase activity. On the other hand, the mRNA levels of Nrg1 and Bace1 were not different between Nrd1 +/+ and Nrd1 −/− brains ( Supplementary Fig. 8 ), indicating that NRDc post-translationally modulates the expression and activity of NRG1 and BACE1.
DISCUSSION
Our findings provide, to the best of our knowledge, the first in vivo evidence that NRDc is a critical regulator of axonal maturation and myelination in the CNS and PNS. In the CNS, axon diameter and myelin thickness correlated with levels of NRDc expression (homozygous < heterozygous < wild-type mice). Our results suggest that NRDc affects myelination by regulating axonal maturation, as myelin thickness is proportional to the diameter of axons 1,2 . Neuronspecific overexpression of NRDc, however, did not affect the axon caliber, but instead induced hypermyelination, providing additional evidence that NRDc is a critical regulator of myelination. Notably, as we did not see any differences in the number of oligodendrocyte precursor cells and the expression levels of specific oligodendrocyte precursor markers between Nrd1 +/+ and Nrd1 −/− mice, NRDc appears to specifically regulate myelination and not oligodendrocyte differentiation or proliferation. In addition, as expression of NRDc is confined to neurons, the effect of NRDc on oligodendrocyte is non-cell autonomous. Instead, our data suggest that NRDc affects axonal signaling between neurons and oligodendrocytes. NRG1 is the best-characterized neuronal factor that induces axonal signaling required for the entire program of glial differentiation, proliferation and myelination 8, 10, 32 . NRG1 is synthesized as a transmembrane protein that is proteolytically cleaved in the juxtamembrane region. ADAM proteases (TACE/ADAM17 (ref. 11) and ADAM19 (refs. 12,33) ) and BACE1 (refs. 13,14) have been proposed to cleave NRG1. Furthermore, Bace1 −/− mice exhibit hypomyelination [13] [14] [15] and Adam19 −/− mice have delayed remyelination after injury 33 , suggesting that proteolytic cleavage of NRG1 is important for myelination. Our data indicate that NRDc is a critical regulator of NRG1 cleavage in vivo. First, the results of our gain-of-function experiments indicate that NRDc enhances BACE1-and TACE-mediated NRG1 cleavage. Second, loss of function in cells resulted in an increase of the fulllength NRG1 and a decrease of cleaved NRG1, indicating that NRG1 cleavage is reduced in the absence of NRDc. Third, similar to the results from Nrd1 −/− cells, we found a decrease of cleaved NRG1 in brain lysates of Nrd1 −/− mice. Nrd1 −/− mice also showed hypomyelination in both the CNS and PNS, where NRG1 is a master regulator of myelination. Finally, we found that NRDc formed a complex with BACE1 and NRG1, suggesting that these molecules interact functionally. These results suggest that regulation of NRG1 proteolysis by NRDc is a critical post-translational modification for myelination.
Although several studies have suggested that NRG1 is involved in oligodendrocyte differentiation and CNS myelination 25, 32, 34 , the role of NRG1 in CNS myelination is still controversial as a result of the embryonic lethality of Nrg1 −/− mice. However, a recent study found normal myelination in a series of conditional null [13] [14] [15] . Taken together, the effect of NRDc in the CNS cannot be attributed merely to NRG1 or BACE1. We have previously shown that NRDc potentiates several ADAM proteases [19] [20] [21] and here we found that NRDc also enhanced the capacity of BACE1 to process NRG1. The enhancing effect of NRDc on ADAM proteases is not substrate-specific, as NRDc can potentiate TACE-mediated shedding of HB-EGF, TNF-α, APP and NRG1 (refs. 19-21) . This might also be the case for BACE1, as we found that NRDc affects the maturation of BACE1 (Fig. 8) .
Axonal maturation and myelination are essential in nerve conduction and aberrant in various neuropathologies. For example, the primary pathologic event of multiple sclerosis is demyelination and remyelination correlates with recovery from clinical symptoms 36 . Given the dose-dependent effect of NRDc on myelin thickness, NRDc could be a potential pharmacological target of this common neurological disorder of young adults. NRDc could also be important for the regeneration of injured axons. In fact, the critical regulatory functions of NRDc in axon-oligodendrocyte signaling, axon maturation and myelination suggest that NRDc may impinge on a broad range of neurological disorders.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
